bility by means of indium and nitrogen codoping or other group-III elements and nitrogen codoping has recently been demonstrated [21] [22] [23] [24] .
Since the quality of ZnO materials plays a key role in determining the performance of UV photodiodes. This chapter reviews the recent progress in Si-based heterostructure (UV) photodiodes, including p-ZnO/n-Si UV photodiodes, and p-ZnO/SiO 2 ultrathin interlayer/n-Si UV photodiodes. Furthermore, the optoelectronic and the magneto-enhanced characteristics (so called magneto-optical multiplication effects) of UV photodiode placed in a strong magnetic field were elucidated.
ZnO/Si UV photodiodes
Fabrication of a p-ZnO/n-Si heterojunction photodiode was reported [25] . An N-In codoped p-type was deposited on a (111)-oriented silicon substrate by ultrasonic spraying pyrolysis method. Three aqueous solution, Zn(CH 3 COO) 2 2H 2 O (0.5 mol/l), CH 3 COONH 4 (2.5 mol/l), and In(NO 3 ) 3 (0.5 mol/l), were as the source of zinc, nitrogen, and indium, respectively. The atomic ratio of Zn/N is 1:2 for N-doped film, and Zn/N/In is 1:2:0.15 for N-In codoped film [21] . The n-type Si (111) wafers were used as the substrates, which were etched with HCl for 5 min before deposition. The aerosol of precursor solution was generated by the commercial ultrasonic nebulizer. P-type N-In codoped ZnO films were obtained by heating the substrate to 650 C, and were subsequently studied by Hall measurement. The hole concentration and mobility of p-ZnO were around 1×10 P-ZnO/n-Si structures were then fabricated. The Ni/Au ohmic contact layer was evaporated onto the p-type ZnO film as the anode electrode, and a Ti/Pt/Au electrode was formed on the backside of the n-type Si substrate as the cathode electrode. Then, the cross section of the completed structure is shown in Figure 1 . The ZnO film with thickness of about 1.3 μm was formed on silicon substrate.
Figure 2(a) shows the plots of the I-V characteristics of the photodiodes measured in the dark (dark current) and under illumination (photocurrent, λ=530 nm) at reverse biases from 0 to 1 V. As shown in Fig. 2(a) , it was found the photocurrent approximately 3.9×10 -7 A and the dark current was approximately 8.87×10 -9 A at a bias of 1 V. Therefore, it was found that a photocurrent to dark current contrast ratio is around two orders of magnitude. Figure 2(b) shows the plot of responsivity as a function of the wavelength for a p-ZnO/n-Si heterostructure photodiode at a bias of 1 V. The photodiodes exhibited two higher responsive regions denoted as A and B, respectively. Region A at wavelength approximately from 400 nm to 700 nm was owing to ZnO film absorption occurring through the band-to deep level [26] , and region B at wavelength approximately from 700 nm to 1000 nm was owing to Si substrate absorption occurring through the band edge. Responsivity R is given by [27] 
where I ph is the photocurrent, P inc is the incident power, and η, q, ν and h are the QE, the electron charge, the frequency of incident light, and Planck's constant, respectively. Using Eq. (1), the values of responsivity and QE at 530 nm at biases of 1 V were 0.204 A/W and 47.73%, respectively. The values of responsivity and QE at 850 nm at biases of 1 V were 0.209 A/W and 30.49%, respectively. In contrast to conventional Si-based photodetectors, the ZnO film has been improved the responsivity in UV/blue region. However, the responsivity was degraded in near infrared region (700-1100 nm). This result means that the portion of light with higher energy, such as 400-500 nm, was absorbed by ZnO film and the portion of light with lower energy, such as 800-1000 nm, can completely incident into Si substrate and was absorbed.
However, the responsivity owing to the ZnO film absorption occurring through the band-toband did not observe in this work. Kim et al. [28] were demonstrated utilizing radial heterojunction nanowire diodes (RNDs) array consisting of p-Si/n-ZnO NW core/shell structures which were fabricated using conformal coating by atomic layer deposition (ALD). Vertically dense Si NW arrays were prepared by Ag-induced electroless etching of p-type Si wafers. After formation of the Si NW arrays, the ALD technique was used to conformably coat a n-type ZnO thin film on the high aspect ratio Si NWs, as shown in figure 3 (a). The properties of long (6 μm) and short (2 μm) nanowire photodiodes, denoted as RND2 and RND6, respectively. The typical diameter of the nZnO/p-Si NW arrays was 350-400 nm, which consisted of a 100 nm thick shell and a 150-200 nm thick NW core. Figure 4(a) shows the photoresponsivity spectra under a forward bias of 0.5 V. It is clear the UV responsivities of RND2 and RND6 are higher than that of the planar thin film diode (PD) under a forward bias. Such as compared to a PD, a RND2 (6 μm) resulted in a ~2.7 times enhancement of the UV responsivity at λ=365 nm in the forward bias. In addition, the enhanced UV photoconductive response in ZnO NWs may be attributed to the presence of oxygenrelated hole-trap states at the NW surface [29] . As a result, RNDs can improve the UV photodetection sensitivity due to the high surface area to volume ratio. In this case, the UV responsivities at λ=365 nm were detected to be 0.23, 0.42, and 0.63 A/W for PD, RND2, and RND6, respectively. Owing to the short penetration depth, the carrier generation normally occurs near the surface. It indicates surface scattering and recombination decrease the carrier lifetime. Figure 4 (b) shows the photoresponsivity spectra of RNDs compared to the PD under a reverse bias. The values of the visible/UV responsivity at λ=700 nm and 365 nm were 17.2 A/W for RND6 and 0.86 A/W for PD. It appears that the ZnO surface can be depleted by the surface oxygen absorption according to the hole-trapping mechanism [29] . Therefore, both the UV and visible photoresponsivities of the RNDs were better than that of a planar PD, owing to the enlarged surface area to volume ratio, efficient carrier collection, and improved light absorption. 3. ZnO/SiO 2 /Si UV photodiodes
Ultrathin SiO 2 films
Many the various types of photodiodes which include homojunction, heterojunction and metal-semiconductor-metal (MSM) photodiodes much attention has been paid in recent years to metal-oxide-semiconductor (MOS) structures [30] [31] [32] [33] . An ultrathin silicon dioxide (SiO 2 ) films has been the most commonly used material for diffusion barriers and insulating layers for various applications in MOS devices due to its properties such as low defect density, high thermal stability, high resistivity, high electric insulating performance, high reliability, and reasonable dielectric constant [34, 35] . In general, an ultrathin SiO 2 films (≤ 1 nm) was formed on the silicon substrate that the silicon/SiO 2 interface becomes crucial for good transistor behavior. Several fabrication methods have been employed for the formed of ultrathin SiO 2 films, such as rapid thermal oxidation (RTO) [36] , oxidation with excited molecules and ions [37, 38] , plasma oxidation [39, 40] , photo-oxidation [34, 41] , ozone oxidation [43] , metal-promoted oxidation [44] , anodic oxidation [45, 46] and nitric acid (HNO 3 ) vapor oxidation [47, 48] etc. When a reverse bias is applied to a MOS photodiode, the energy bands in the semiconductor bend and a potential well is formed between the oxide and the semiconductor. Electronhole pairs generated near the junction by incident light will be stored in the potential well, and current transport occurs through the oxide layer via tunneling.
Recently, Chen et al. [49] [50] [51] reported the p-ZnO/SiO 2 ultrathin interlayer/n-Si substrate structure photodiodes. An ultrathin SiO 2 film as interlayer was formed on a (111)-oriented silicon substrate by heating the substrate in wet oxygen ambient at 650 C for 10 min to improve the performance of ZnO/Si photodiodes by inserting a SiO 2 ultrathin interlayer.
ZnO/SiO 2 /Si UV photodiodes
In 2003, Jeong et al. [52] presents n-ZnO/p-Si photodiodes through use of a SiO 2 ultrathin oxide interlayer that unintentionally doped n-ZnO thin films were deposited on p-type Si substrates by RF magnetron sputtering. A schematic cross-section of the complete structure is shown in Figure 5 (a). The n/p heterojunction has a thin SiO 2 layer about 3 nm at the n-ZnO/pSi interface and hence the photoelectrons may face a transport barrier. The result indicates that n-ZnO/p-Si photodiodes could detect UV photons in the depleted n-ZnO and simultaneously detect visible photons in the depleted p-Si. Based on Figure 7 (a), the dark current can be described as [30, 53] 
where J Sp is the hole current through surface states, J Tp is the hole tunneling current, J Sn is the electron current tunneled through surface states, and J Tn is the electron current through surface states. As shown in Figure 7 (b), the photocurrent mechanisms can be written as
where J T is the tunneling current, J D is the current in the depletion region, and J L is the photo-generated current. The subscripts n and p indicate electron and hole, respectively. A and the dark current was ~8.87×10 -9 A. For the p-ZnO/SiO 2 ultrathin interlayer/n-Si structure, the photocurrent and the dark current were ~4.99×10 -5 A and ~4.98×10 -10 A, respectively. It can be noted that the photocurrent-to-dark-current contrast ratios improved from two orders of magnitude to five orders of magnitude. Evidently, the p-ZnO/SiO 2 ultrathin interlayer/n-Si structure improves the photocurrent-to-dark-current contrast ratio by passivating the surface states and enhancing the tunneling current, as shown in Figures 8(a) and 8(b) . Figure 8 (b) plots the as a function of wavelength for both a p-ZnO/n-Si and a p-ZnO/SiO 2 ultrathin interlayer/n-Si photodiode, measured throughout this work at a reverse bias of 1 V. The photodiode responsivities can be divided into three regions of around wavelengths of 400 nm, 530 nm, and 850 nm, denoted A, B, and C. Region A, at a wavelength of around 400 nm, corresponds to excitonic absorption in the ZnO film [54, 55] . Region B, which is defined as the wavelength range from about 400 nm to 700 nm, corresponds to band-to-deep level absorption in the ZnO film [26] . Region C (wavelengths between 700 nm to 1000 nm) corresponds to band edge absorption in the Si substrate. According equation (1) , for the p-ZnO/n-Si structure, in region A, B, and C, the responsivity (R) and quantum efficiency (QE) were 0. Figure 9 . shows the cross-section of the p-ZnO/SiO 2 ultrathin interlayer/n-Si structure completed configuration in a strong magnetic field [50] .
ZnO/SiO 2 /Si UV photodiodes in a strong magnetic field
In recent years, diluted magnetic semiconductors (DMSs) are attracted much great scientific interest because of their unique spintronics properties with potential technological applications. Consequently, the high Curie temperature ferromagnetism of ZnO and related materi-als, doped with transition metal (TM) ions, is also expected to have applications in spintronics, including in information storage and data-processing devices [56] . The electronic, optical and magnetic properties of TM-doped ZnO and related materials have been studied extensively [57] [58] [59] [60] [61] [62] [63] [64] . However, the behavior and characteristics of ZnO optoelectronic devices in a magnetic field have seldom been investigated. Photodiodes with a p-ZnO/SiO 2 ultrathin interlayer/n-Si structure in a magnetic field (Faraday configuration) as shown in Figure 9 were studied [50, 51] . , and 2.27×10 -4 A in magnetic fields of 0, 0.1, 0.5 and 0.7 T, respectively, at a reverse bias of 1 V. However, the dark current in various magnetic fields remains almost constant (~1.27×10 -8 A). Evidently, the photocurrent/dark-current contrast ratios are about four orders of magnitude in magnetic field. A change of the applied magnetic field does not noticeably change the total current in the dark. However, when the photodiode was illuminated, the total current significantly increases by approximately one order of magnitude under a strong magnetic field, such as 0.7 T.
The total current can be described as
where I Dark is the dark current, I Light is the photocurrent or photo-generated current, and I Magnetism is the magnetic field-induced current or magneto-induced current. Figure 10(b) a plots the total current at a reverse bias of 1 V as a function of the magnetic field. In the case of non-illumination, applying a magnetic field only slightly changed the total current because of the absence of photo-ionization. However, under illumination, I Magnetism exponentially increases with the applied magnetic field because the probability of photo-excitation increased [65, 66] . This phenomenon is called the magneto-optical multiplication eect. The magneto-optical current multiplication effect may be caused by photo-ionization due to the quantized magnetic effect of ZnO film in the photodiode structure. Figure 11(a) and 11(b) show the I-V characteristics of photodiodes measured under illumination with a xenon arc lamp at various operating power levels, and in a magnetic field of 0.5 T at applied reverse biases from 0 to 1 V at room temperature. Figure 11 (b) depicts the magneto-induced current calculated in Eq. (4), showing that the magneto-induced current increases exponentially as the reverse bias increases. Figure 11 (c) plots the photocurrent as a function of wavelength in the ranges 300-720 nm for a p-ZnO/SiO 2 ultrathin interlayer/nSi structure photodiode, measured throughout this work at a reverse bias of 1 V. The current variation of the photodiode was obvious when the wavelength of incident light was lower, around 375 nm (higher photon energy). Therefore, the photo-ionization due to quantized magnetic effect of nanostructure ZnO film is apparently the source the magneto-induced current [65, 66] . may be attributed to the band-to-deep level absorption in the ZnO film. Peak B (around 470 nm) may be attributed to the band-to-deep level absorption in the ZnO film. The band absorption edge of responsivity in the absence of a magnetic field is located at a wavelength of around 371 nm, which corresponds to the band-to-band absorption of the ZnO film [54] . In this work, the responsivity (R) and quantum efficiency (QE) at 410 nm under an applied magnetic field of 0.5 T are 0.25 A/W and ~76 %, respectively. R and QE at 410 nm in the absence of an applied magnetic field are 0.20 A/W and ~61 %, respectively. Therefore, Eq. (1) had to modify, R is given by [27] 
where the gain factor, ζ, is governed by the magneto-optic multiplication effect. In an applied magnetic field of 0.5 T, the band absorption edge of responsivity shifts to 370 nm. The photon energy has shifted by approximately 9.03 meV. This result suggests that the magnetic field splits the conduction-band edge into Landau levels with a spacing of 1 2 ℏω ce , and the valence-band edge into Landau levels with a spacing of 1 2 ℏω ch , as displayed in Figure 12 (b), where ℏ is the reduced Planck's constant, ω ce is the cyclotron resonance frequency of electrons, and ω ch is the cyclotron resonance frequency of holes. Accordingly, this process is referred as the interband magneto-optic absorption due to the Landau splitting. Hence, according to the discussion above, a carrier transport model can be used to descript the magneto-induced current. Figure 13(b) shows that the dark current and photocurrent can be respectively described as [30, 49, 53] I Dark = I S + I Tp + I Tn (6) and I Light = I Tn + I Dn + I Ln + I Tp + I Dp + I Lp (7) where J S is the surface recombination current through the surface states, J Tp is the hole tunneling current, J Tn is the electron current through surface states, J T is the tunneling current, J D is the current in the depletion region, and J L is the photo-generated current. The subscripts n and p indicate electron and hole, respectively. The magneto-induced current is given by
where the subscript m indicates magnetism. Therefore, in the case of non-illumination or low flux irradiations, applying a magnetic field barely changed the total current. This is because the surface recombination velocity is so fast such that the carriers cannot produce photo-ionization. However, in the case of high flux irradiations, the probability of the photoionization increases as the photo-generated excess carrier increases. This phenomenon is called as magneto-optical multiplication effect, and is caused by the photo-ionization due to quantized magnetic effect of nanostructure ZnO film. 
Conclusions
In summary, both p-ZnO/n-Si and p-ZnO/SiO 2 ultrathin interlayer/n-Si structures UV photodiodes have been introduced. In the aspect of p-ZnO/n-Si photodiodes, the photoresponses exhibited higher responsive regions at UV, visible and near infrared ranges. In the aspect of p-ZnO/SiO 2 ultrathin interlayer/n-Si photodiodes, placing in a strong magnetic field, the magneto-induced current in photodiode increases exponentially as the reverse bias and illumination flux increases, mainly because the magnetic field induced a photocurrent by magneto-optical multiplication effects. In the various magnetic fields, the absorption tails of the responsivity were shifted from 370.5 nm to 368.5 nm, and a blue shift of the photon energy from 4.52 meV to 18.16 meV were observed. This shift is attributed to the interband magneto-optical absorption caused by Landau splitting. Therefore, the magneto-optical current multiplication effect may be caused by the photo-ionization owing to quantized magnetic effect of the ZnO film. We hope all these contents may be helpful for the readers and comprehend the development of ZnO/SiO 2 /Si UV photodiodes.
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